The regulatory nucleotide guanosine 5'-diphosphate 3'-diphosphate, (ppGpp) (and possibly its congeners guanosine 5'-triphosphate 3'-diphosphate and guanosine 5'-diphosphate 3'-monophosphate) is thought to mediate a complex of adjustments in transcription, translation, and intermediary metabolism which constitute the stringent response (2, 8, 15) . Relaxed mutants, which are unable to generate these nucleotides in response to limited tRNA aminoacylation, are unable to carry out the stringent response. They are also defective in the synthesis of beta-galactosidase, among other enzymes, under this condition (7, 9, 10, 11) .
In this communication we are concerned with the level(s) in gene expression at which this latter defect occurs. Hall and Gallant (11) showed that it comprised two distinct effects: on the one hand, a reA mutant produced three times less lacZ monomer (identified by gel electrophoresis) than did its isogenic rel' partner; on the other hand, the enzyme activity per unit monomer was reduced by a factor of three, and the enzymatic activity was abnormally thermolabile. The latter two effects strongly suggested the existence of abnormalities in the primary structure of the lacZ monomer, and subsequent studies have confirmed that rel mutants are prone to errors of translation when the supply of aminoacyl-tRNA is imbalanced (5, 10, 16, 17) .
The reduced synthesis of full-length lacZ monomers remains to be explained. There is suggestive evidence that it reflects reduced transcription of the lac operon owing to a partial requirement for ppGpp as an activator. Several reports demonstrate that ppGpp stimulates lac transcription in vitro by a factor of two to three (1, 3, 20) . Whole-cell studies of lac mRNA in rel wild-type and mutant pairs of strains have, however, yielded inconclusive results. Morris and Kjeldgaard estimated messenger level through enzyme-forming capacity and found no deficit in relA mutant cells (13 The level of capacity, the total quantity of enzyme produced in rifampin, was about three times lower in the reLA mutant than in its wildtype partner; moreover, the exponential decay of capacity during the course of the elementary wave occurred at about the same rate of 0.3 min-' in the two strains (Fig. 1 inset; 'Parameters of lac transcription during isoleucine starvation in a relA I/reUA pair of strains. The strains and methods of cultivation and enzyme assay are described in the legend to Fig. 1 . The results of capacity studies are averaged from four separate experiments, and quoted ± standard error of the mean (SEM). Values of M were computed from total capacity, and K2 was evaluated in each experiment. Optical density (OD) units are the cell density unita (1.0 OD at 720 nm) mentioned in the legend to Fig. 1 . To measure lac mRNA by hybridization, cultures were starved and induced in the same manner as for capacity measurements and then pulse-labeled for 2 min with [5_3H]uracil (20,uCi/ml, 23 Ci/mmol). RNA was then isolated, and hybridization to A plac5 DNA (14) and to A DNA was assayed. In each assay, four different RNA concentrations were tested to verify linearity of the assay, and parallel hybridizations to A DNA were performed simultaneously; the values quoted in the table are the averages of these determinations (corrected for background hybridization to A DNA, which was about 20% of that observed with A plac DNA). Isolation of labeled RNA, preparation of fiters containing the DNA probes, and hybridization were performed as described by Dennis and Nomura (4). CP78 (relA') and CP79 (relA), cultivated at 37°C as described in reference 6, were starved for isoleucine by the addition of valine (500 pg/ml), and the lac operon was induced by the addition of isopropyl-,B-D-thiogalactopyranoside (2 mM) and cyclic AMP (5 mM). After 10 min (to allow formation of a steadystate pool of lac message), rifampin (200 pg/ml) and isoleucine (100 pg/ml) were added. Portions were removed at intervals to tubes containing tetracycline (50 pg/ml, final concentration) to stop further protein synthesis and were chilled. The portions were extracted with 0.02 volume each of toluene and Triton X-100 at 37°C for 30 min. Beta-galactosidase was assayed by mixing 50-,ul portions with 250 p1 of onitrophenyl-B-D-galactoside (0.8 mg/ml in 0.05 M sodium phosphate buffer, pH 7.0) and recording the change in absorbancy at 420 nm in a Gilford recording spectrophotometer. One enzyme unit corresponds to an increase of E42 of 1.0/min. Activities are normalized to the ceU density, expressed as absorbancy at 720 nm in a Beckman double-beam spectrophotometer; one unit corresponds to a cell density of about 109/ml or 183 pg ofprotein per ml. The inset shows a semilogplot ofthe declining capacity level, expressed as final capacity (averaged from the 20-and 30-min plateau points) minus capacity at time t. The data are averaged from two independent experiments. Two other experiments (not shown) were performed by a slightly different protocol, with similar results. The three times less mRNA coding for beta-galactosidase than its reA + partner.
We also determined the relative abundance of lac mRNA sequences by saturation hybridization of pulse-labeled RNA to A plac5, a probe which carries the lacZ gene and part of the lacY gene. As Table 1 shows, 0.87% of the RNA pulselabeled in the relA+ strain proved complementary to lac DNA, whereas the corresponding proportion in the relA mutant was 0.2%. This 4.3-fold difference agreed satisfactorily with the threefold difference revealed by the capacity experiments, and both agreed well, in sign and magnitude, with the studies of ppGpp stimulation of lac transcription in vitro (1, 13, 20) . We conclude that the absence of ppGpp in relA mutant cells reduces lac transcription by a factor of three or four. This deficit might reflect either premature terniination of transcription within the lac operon or a reduced frequency of transcription initiation. The latter interpretation seems more likely in view of Primakoff's demonstration that the relA deficit in beta-galactosidase production can be partly relieved through mutation in the lac promoter (19) . We might add that the magnitude of the transcriptional effect we observed is also consistent with the data of Primakoff, at the concentration of cyclic AMP employed (5 mM).
The three-to fourfold decrease in lac transcription suffered by the relA mutant presumably accounts for the threefold decrease in production of lacZ monomer previously reported by Hall and Gallant (11) . This reduced lac tranparameters averaged from all four experiments are presented in Table 1 . Symbols: *, CP78 (reA+); 0, CP79 (relA). NOTES scription may be related to the increased commitment of amino acid-limited rel mutant cells to transcribe ribosome component genes (4) . Since the rate of active enzyme synthesis was diminished by a factor of 13, the yield of active enzyme per unit of RNA was diminished by a further factor ofthree to four at the translational level. This reduction probably reflects the occurrence of errors in translating the message.
Work contained in this paper was partially supported by Public Health Service grant GM 13626 from the National Institute ofGeneral Medical Sciences and by American Cancer Society grant NP-279A.
LITERATURE CITD
